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Muscle atrophy and weakness occur as a consequence of disuse after musculoskeletal injury (MSI). The slow recovery and persistence of these
deficits even after physical rehabilitation efforts indicate that interventions designed to attenuate muscle atrophy and protect muscle function
are necessary to accelerate and optimize recovery from MSI. Evidence suggests that manipulating protein intake via dietary protein or free amino
acid-based supplementation diminishes muscle atrophy and/or preserves muscle function in experimental models of disuse (i.e., immobilization
and bed rest in healthy populations). However, this concept has rarely been considered in the context of disuse following MSI, which often occurs
with some muscle activation during postinjury physical rehabilitation. Given that exercise sensitizes skeletal muscle to the anabolic effect of protein
ingestion, early rehabilitation may act synergistically with dietary protein to protect muscle mass and function during postinjury disuse conditions.
This narrative review explores mechanisms of skeletal muscle disuse atrophy and recent advances delineating the role of protein intake as a potential
countermeasure. The possible synergistic effect of protein-based interventions and postinjury rehabilitation in attenuating muscle atrophy and

weakness following MSl is also considered. Adv Nutr 2020;11:989-1001.
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Introduction

Damage to the musculoskeletal system disrupts normal limb
function and mobility. The associated decline in activity
induces a rapid loss of muscle mass (i.e., disuse atrophy) and
function given the unloading and reduced neural activation
of muscle. Disuse-related muscle atrophy and weakness
following musculoskeletal injury (MSI) can be challenging
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to overcome, and often persists after physical rehabilitation
efforts (1, 2). Failing to reverse these deficits in muscle
mass and functional capacity likely limits activities of daily
living, physical performance, and quality of life. Developing
strategies to attenuate muscle atrophy and preserve muscle
function with disuse are therefore necessary to accelerate and
optimize recovery following MSI.

The loss of muscle mass during disuse is primarily
driven by alterations in muscle protein turnover (i.e., protein
synthesis < protein breakdown) (3). The capacity of dietary
protein to stimulate muscle protein synthesis (MPS) and
inhibit muscle protein breakdown (MPB), thereby leading
to net muscle protein accretion (4), suggests that protein-
centered diet interventions may attenuate muscle atrophy
during disuse conditions. Manipulating the protein or free
amino acid content of the diet has been explored as a
countermeasure to disuse atrophy during prolonged bed rest
(5, 6), as this is a concern for hospitalized patients. However,
this concept has rarely been extended to disuse conditions
following MSI that often occur with periodic muscle acti-
vation during postinjury rehabilitation. Given that exercise
sensitizes skeletal muscle to the anabolic effect of protein
ingestion (7), early rehabilitation may act synergistically
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with a protein-based intervention to overcome disuse-related
deficits in protein turnover and protect muscle mass and
quality during recovery from MSL

This narrative review considers the potential role of
protein-based interventions in mitigating disuse atrophy and
functional deficits following MSI. Mechanisms underlying
the loss of muscle mass and function with disuse will be
highlighted in an effort to understand what would constitute
an optimal countermeasure. Recent advances delineating
the effect of protein and/or amino acid supplementation
during experimental disuse conditions (i.e., bed rest or
immobilization in healthy populations) and in combination
with rehabilitation-type exercise will also be explored.

Current Status of Knowledge

Disuse atrophy as a consequence of MSI

Acute or repetitive stressors that overload, overstretch, or
deform tissues of the musculoskeletal system (i.e., muscle,
tendon, bone, ligaments) can result in MSI and a correspond-
ing loss of function. Common injuries include muscle strains
or contusions, muscle or tendon tears, ligament sprains,
joint dislocations, and bone fractures. Surgical interventions
required to treat some MSIs can also cause further injury.
Total hip arthroplasty (THA) procedures, for example, in-
volve unavoidable trauma to muscle surrounding the hip (8).
Tourniquet use during surgery also causes muscle damage
through the associated ischemia and reperfusion injury (9).

Injury-related trauma disrupts normal function of the
involved muscle, connective tissue, or joint. Inflammation,
pain, and swelling of the affected area cause an immediate
decline in range of motion, neuromuscular signaling, and
strength that can persist well after injury. Knee extensor
strength in anterior cruciate ligament reconstruction pa-
tients, for example, was 66.9% lower 1 mo postoperatively
in the injured versus noninjured limb (10). These changes in
strength and functional capacity postinjury can be explained,
in part, by underlying deficits in neuromuscular signaling.
Musculoskeletal damage and the associated inflammatory
response alter sensory stimuli, receptor activity, and signal
transduction from the injured area to the central nervous
system. This is evident following knee joint damage, as
injury-related trauma alters joint afferent signaling and limits
full activation of the quadriceps muscle in a response termed
arthrogenic muscle inhibition (AMI) (11). Experimentally
inducing AMI using low-volume saline injections (i.e., 20—
60 mL) mimicking postinjury effusion in the intracapsular
space of healthy individuals has been shown to reduce
Hoffmann reflexes evoked from the vastus medialis, lateralis,
and rectus femoris (12). Inflammation, joint laxity, and loss
of output from damaged articular sensory receptors have
also been implicated in this change in afferent signaling and
resulting quadriceps weakness (11).

The loss of neuromuscular signaling and the resulting
decline in function following MSI constitute a natural
protective response that limits additional structural damage.
Protective measures such as prescribed inactivity, immobi-
lization with a cast or brace, and unloading via crutches
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or bed rest may also be implemented to restrict motion
and prevent further injury. While the loss of neuromuscular
signaling and interventions to limit movement aid the
healing process after MSI, muscle atrophy and weakness
occur rapidly under these conditions given muscle disuse.
This is evident in experimental models of disuse that have
shown a 3.5% and 8.4% decline in quadriceps cross-sectional
area (CSA) in healthy young individuals after only 5 and
14 d of 1-legged knee immobilization using a full leg cast,
respectively (13). Single-leg 1-repetition maximum (1-RM)
strength also declined by 9% after 5 d of immobilization and
by 22.9% after 14 d (13).

The disproportionately greater loss of strength compared
with muscle mass during disuse indicates a loss of muscle
quality (i.e., muscle strength relative to muscle size), which
may be explained, in part, by disuse-induced decreases in
fascicle length and pennation angle that limit the capacity
of muscle fibers to generate force (14). Diminished muscle
quality may also result from changes at the single-fiber level.
A decrease in single-fiber—specific force (i.e., maximal Ca?*-
activated force relative to CSA) of isolated vastus lateralis
fibers was observed following 4 (15) and 14 (16) d of
unilateral leg immobilization. A loss of actin or myosin
protein content (17, 18), changes in Ca*" sensitivity (15),
or other modifications of the contractile apparatus that alter
active cross-bridge formation may explain the loss of single-
fiber and whole-muscle quality with disuse.

Mechanisms of muscle disuse atrophy

Skeletal muscle mass is regulated by rates of MPS and MPB
that fluctuate throughout the day as a result of an individual’s
metabolic state (i.e., fed vs. fasted) and physical activity (i.e.,
muscle loading vs. unloading). Hyperaminoacidemia in the
postprandial period following protein ingestion transiently
stimulates MPS (4), while a simultaneous hyperinsulinema
inhibits MPB (19, 20). This effect is short-lived, however, as
breakdown predominates in the postabsorptive period be-
tween meals. Resistance exercise performed prior to protein
ingestion potentiates the aminoacidemia-induced increase
in MPS (21, 22), leading to muscle hypertrophy when
performed over time. Collective rates of synthesis and break-
down and the resulting fluctuations in net balance (MPS
minus MPB) control changes in muscle mass. A negative net
balance (MPS < MPB) maintained over time and resulting
from diminished rates of MPS, increased MPB, or both would
account for the muscle atrophy observed with disuse.

MPS and anabolic signaling in disuse atrophy.

Altered rates of MPS have consistently been observed
during periods of disuse in young populations. Gibson
and colleagues (23) were the first to demonstrate a 25%
reduction in fasted-state MPS after ~37 d of full-leg casting
for tibial fracture. Subsequent studies revealed this decline
in postabsorptive MPS occurs rapidly (24) and persists with
disuse of longer duration (25). Postabsorptive rates of MPS
were 40% lower in immobilized versus nonimmobilized
control limbs after only 5 d of a full-leg cast (24). Although



the possibility exists that these findings result from enhanced
rates of MPS in the nonimmobilized leg, Ferrando et al.
(25) confirmed a similar disuse-induced reduction in rates
of postabsorptive MPS with 14 d of bed rest compared with
pre-bed rest values. The muscle protein synthetic response
to protein intake is also blunted with periods of disuse. This
“anabolic resistance” to protein ingestion occurs early, as rates
of MPS following ingestion of 25 g of whey protein were
~53% lower in immobilized versus nonimmobilized control
limbs after only 5 d of a full-leg cast (24). Fourteen days of
immobilization similarly blunted rates of MPS with both low-
and high-dose amino acid infusions (26).

The time course and magnitude of disuse-related impair-
ments in postprandial MPS are different between young and
old populations. While the synthetic response to feeding
was maintained after 5 d of bed rest in young individuals
(aged 22 £ 1 vy), rates of MPS were unresponsive to
essential amino acid (EAA) ingestion in older adults (aged
66 £ 1 y) under the same conditions (27). Quantifying
anabolic resistance by evaluating the fate of dietary-derived
protein (i.e., incorporation into body proteins or irreversible
hydroxylation) also revealed greater anabolic resistance in
old versus young individuals with 2 wk of bed rest (28).
Age-related differences in postprandial synthetic responses
have also been observed under normal conditions. Older
adults displayed diminished responsiveness of MPS to graded
intakes of EAAs (29) and required greater amounts of protein
to maximally stimulate MPS after resistance exercise versus
their younger counterparts (22). The anabolic resistance
associated with aging may underlie the greater disuse-
induced impairments in postprandial anabolism observed
in older versus younger adults and suggests an age-related
susceptibility to anabolic resistance during disuse.

Mechanisms underlying changes in MPS with disuse are
not fully understood. Impairments in the synthetic response
to protein ingestion may theoretically occur at many lev-
els, including alterations in digestion and absorption, the
postprandial hormonal response (i.e., insulin) and related
microvascular perfusion, muscle uptake of amino acids, and
intracellular anabolic signaling (30). Impairments in whole-
body (31) and muscle (32) insulin responsiveness observed
with bed rest and immobilization, respectively, suggest that
insulin-mediated microvascular perfusion and delivery of
amino acids to muscle may be altered. Muscle amino acid
uptake may also be affected with disuse, as increases in vastus
lateralis amino acid transporter content [i.e., L-type amino
acid transporter 1 (LAT1), sodium-coupled neutral amino
acid transporter 2 (SNAT2)] following EAA ingestion were
attenuated after 7 d of bed rest in elderly individuals (33).
Wall et al. (34) have alternatively proposed that disuse-related
impairments in postprandial anabolism occur as a result of
altered intracellular signaling. This hypothesis comes from
stable isotope-based assessments of protein metabolism that
showed a substantially higher change in muscle free tracer
enrichment over a 4-h postprandial period after 14 d of
1-legged knee immobilization with a full-leg cast compared
with preimmobilization values (34). While this may indicate

less protein breakdown and an associated reduction in
unlabeled phenylalanine efflux diluting the muscle free
tracer pool, it was suggested that the immobilization-related
accumulation of muscle free tracer after feeding may result
from an impaired ability to use available amino acids for the
synthesis of new muscle proteins (34).

Intracellular impairments mediating changes in MPS with
disuse have not been fully elucidated (Figure 1). Protein
synthesis is primarily regulated by activation of the mam-
malian target of rapamycin (mTOR) and phosphorylation
of several downstream substrates [i.e., 4E binding protein 1
(4E-BP1), p70 ribosomal protein S6 kinase (p70S6K), ribo-
somal protein S6 (rpS6)] that promote mRNA translation
initiation. However, activation of this pathway in the postab-
sorptive state remains unchanged with disuse of short (24)
and longer duration (26, 35), indicating the disuse-induced
attenuation of postabsorptive MPS, occurs independently of
changes in mTOR-stimulated translation initiation. Whether
disuse alters the regulation of elongation (i.e., translation
efficiency) or ribosomal biogenesis (i.e., translation capacity)
downstream of mTOR has not been well characterized in
humans and should be a focus of future work.

Regulation of protein synthesis also occurs independent of
the mTOR pathway through phosphorylation and inhibition
of glycogen synthase kinase 38 (GSK-38) and downstream
activation of the translation initiation factor eukaryotic
initiation factor 2B (eIF2B). Immobilization of the knee joint
for 48 h using a cylinder leg brace extending from the upper
thigh to the ankle decreased GSK-38 phosphorylation in
vastus lateralis muscle by 21% (36), suggesting alterations
in GSK-38 signaling may be linked to the attenuation of
postabsorptive MPS with disuse. Whether GSK-38 phos-
phorylation is decreased with disuse of longer duration or
if downstream eIF2B phosphorylation is similarly altered is
unclear.

Although disuse does not appear to alter postabsorptive
mTOR signaling, blunted activation of this pathway may
explain disuse-related impairments in postprandial MPS.
Bed rest of 5 (27) or 7 (33) d in older adults blunted the
phosphorylation of p70S6K and rpS6 with EAA ingestion in
vastus lateralis muscle compared with pre-bed rest values.
EAA-stimulated mTOR signaling was similarly attenuated
after 5 d of bed rest in a young population without changes
in MPS or lean mass, leading the researchers to speculate
that this decrease in intracellular anabolic signaling may have
preceded alterations in protein synthesis and lean mass that
would have been observed in bed rest of longer duration
(27). A change in postprandial mTOR signaling was also
observed in young individuals after 5 d of unilateral leg
immobilization. Phosphorylation of mTOR and 4E-BP1 was
decreased relative to fasted values 4 h post-protein ingestion
in immobilized versus control limbs (24). Given that peak
stimulation of mTOR signaling is generally observed 1-2 h
after feeding, the authors concluded that the depressed
concentrations of phosphorylated mTOR and 4E-BP1 at
4 h indicated reduced transduction of the anabolic signal
through this pathway subsequent to immobilization (24).
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Muscle Protein Breakdown

Molecular mechanisms of skeletal muscle disuse atrophy. Declines in muscle protein synthesis (postabsorptive and

postprandial) and a possible early increase in muscle protein breakdown underlie the loss of muscle mass with disuse. Intracellular
mechanisms responsible for these changes in protein turnover may include impairments in delivery and intracellular transport of amino
acids, declines in mechanotransduction, and insulin resistance specific to protein metabolism leading to downstream attenuation
anabolic signaling (mTOR-dependent and -independent pathways) and a possible increase in ubiquitin-mediated proteolysis. Solid arrows
indicate consistent findings, while broken arrows suggest potential mechanisms. FAK, focal adhesion kinase; FOXO, forkhead box O;
GSK-38, glycogen synthase kinase 38; IGF-1, insulin-like growth factor 1; LATT, L-type amino acid transporter 1; MAFbx, muscle atrophy
F-box; mTORCT, mammalian target of rapamycin complex 1; MuRF1, muscle ring finger 1; p70SéK, p70 ribosomal protein S6é kinase; PI3K,
phosphoinositide-3-kinase; REDD1/2, regulated in development and DNA damage 1/2; SNAT2, sodium-coupled neutral amino acid
transporter 2; TSCT1, tuberous sclerosis complex 1; TSC2, tuberous sclerosis complex 2; 4E-BP1, 4E binding protein 1.

While upstream regulators of disuse-induced anabolic
resistance are poorly defined, focal adhesion kinase (FAK)
is a mechanosensitive protein that may connect the loss
of muscle contraction during disuse with impairments in
postprandial mTOR signaling. Mechanical stimuli are sensed
by membrane-associated integrin receptors and transmitted
via phosphorylation of FAK and other downstream kinases
(37). Basal levels of FAK phosphorylation appear sensitive
to loading as FAK phosphorylation was increased with
chronic resistance exercise (38) and decreased with disuse
of short (39) and longer duration (26, 35). This load-
dependent activation of FAK may affect mTOR signaling.
Phosphorylated FAK promotes mTOR activity in vitro by
phosphorylating and inhibiting tuberous sclerosis complex 2
(TSC2), a negative regulator of mTOR (40, 41). A decline in
FAK phosphorylation and possible increase in active TSC2
with disuse may explain the disuse-induced attenuation of
postprandial mTOR activity and rates of MPS. Further in
vitro and in vivo investigations are needed, however, to firmly
establish this relationship.
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The attenuation of mTOR pathway activity underlying
anabolic resistance with disuse may also result from cellular
stress. The protein regulated in development and DNA
damage (REDD) 1/2 has been implicated in the cellular
response to various stressors (i.e., hypoxia, immobilization)
and acts to repress mTOR signaling (42). A disuse-induced
upregulation of REDD2 mRNA was first observed following
immobilization in rodents (43), and also occurred with
5 d of bed rest in young and old individuals (27). These
findings suggest that increased expression of REDD2 may be
involved in the attenuation of postprandial mTOR signaling.
Expression of REDD1 was also upregulated with bed rest
(27). This only occurred in young individuals, however,
indicating the effect of REDD1 on mTOR signaling during
disuse may be age dependent.

MPB and catabolic signaling in disuse atrophy.

While deficits in MPS are a well-recognized consequence of
disuse, less is known about the role of protein breakdown
in disuse-induced muscle atrophy. Rates of MPB are seldom



reported given the technical challenges associated with
directly measuring protein degradation in vivo in humans.
To our knowledge, only 2 studies have measured rates of
MPB during disuse conditions and reported no changes with
14 (25) and 21 (44) d of bed rest in young individuals. These
findings complement calculations suggesting alterations in
MPS alone sufficiently account for the loss of muscle mass
during disuse, and have led to the hypothesis that disuse
atrophy occurs without appreciable changes in MPB (3, 25).
However, no study to date has evaluated changes in MPB
during short-term disuse (i.e., <14 d), making it difficult
to establish definitive conclusions about the contribution of
MPB to the loss of muscle mass with disuse.

Indirect measures of MPB (i.e., mRNA expression of
proteolytic proteins) appear to change with short-term versus
long-term unloading and may indicate an early role of
MPB during disuse (Figure 1). Breakdown of muscle protein
is regulated by the autophagy-lysosomal system, calcium-
dependent calpains, caspase enzymes, and the ubiquitin
proteasome system (UPS). The UPS, in particular, is largely
responsible for the degradation of myofibrillar proteins
through enzymatic activity of the muscle-specific ubiquitin
ligases muscle ring finger 1 (MuRF1) and muscle atrophy
F-box (MAFbx)/atrogin-1 (45). Transcript levels of MAFbx
and MuRF1 are increased under several conditions of muscle
atrophy (46). Immobilization of 2-14 d, for example, elevated
expression of MAFbx and/or MuRF1 in vastus lateralis
muscle of young individuals (24, 35, 47-49). In contrast,
transcript levels of these proteins remained unchanged or
decreased compared with baseline in other studies of disuse
lasting 14-24 d (17, 35, 49). The time-dependent expression
of these static markers of proteolysis suggest that MPB
increases early with the onset of disuse and returns to baseline
with inactivity of longer duration as hypothesized by Wall
and colleagues (50). Changes in proteolytic gene expression
do not always translate to changes in protein content (51)
or measured rates of MPB (20), however, indicating future
investigations must use dynamic measures of proteolysis (i.e.,
stable isotope methodology) to confirm the proposed early
increase in MPB rates with disuse.

Disuse may also alter postprandial rates of MPB. Insulin
released with protein feeding modulates glucose metabolism,
suppresses MPB, and is thought to have a permissive role
in MPS in the presence of elevated amino acids (19, 20,
52). Sensitivity to this insulin stimulus appears to decline
with disuse, however, as impairments in whole-body and
muscle glucose uptake in response to insulin were observed
with bed rest (31) and immobilization (32), respectively.
Whether disuse leads to insulin resistance specific to protein
metabolism is less clear. Although bed rest has been shown
to attenuate insulin-stimulated phosphorylation of Akt (53),
in vivo evidence to substantiate a relation with downstream
impairments in mTOR signaling or elevated proteolysis
is currently lacking (54). However, work by Richter et
al. (32) using a 2-step euglycemic-hyperinsulinemic clamp
procedure has shown that the normal hyperinsulinemia-
induced attenuation of MPB may be impaired with 7 d

of immobilization. Arterial tyrosine concentrations were
measured to assess net protein breakdown as tyrosine
is not synthesized or catabolized in muscle. The greater
tyrosine release with insulin infusion in immobilized ver-
sus control limbs suggested that MPB was less sensitive
to inhibition by insulin under disuse conditions (32).
Whether these findings extend to protein feeding during
disuse is unknown given current methodical limitations
associated with directly measuring MPB following protein
ingestion.

Protein as a countermeasure to muscle disuse atrophy
Mitigating disuse-induced declines in MPS (postabsorptive
and postprandial) and the possible early increase in MPB
is necessary to attenuate muscle losses and preserve muscle
function with unloading. Protein-based diet interventions
have been considered as potential countermeasures for
disuse-related alterations in protein turnover (5, 6, 55-
62), given the capacity of dietary protein to stimulate MPS
and inhibit MPB thereby leading to net muscle protein
accretion (4). Manipulating protein intake to optimize
postprandial MPS and diminish disuse-induced anabolic
resistance, specifically, may be one way to preserve muscle
mass and function in the absence of muscle contraction.

Although an optimal protein-based intervention for
overcoming anabolic resistance under disuse conditions
has not been determined, this might be accomplished by
manipulating the amount and quality (i.e., leucine or EAA
content) of dietary protein. Greater amounts of protein
were needed to achieve maximal rates of MPS in older
(~35 g) (63) versus younger (20 g) individuals (64) due
to the anabolic resistance observed with aging. Similarly,
larger quantities of protein may be necessary to diminish
disuse-induced anabolic resistance. Overcoming anabolic
resistance may also involve manipulating the EAA and/or
leucine content of the diet. Considerable work has shown that
the EAA component of protein is responsible for stimulating
increased rates of MPS (65, 66). The anabolic potential of
dietary protein is also determined by its leucine content,
which activates intracellular synthetic machinery (67) and
acts as a “trigger” for the synthetic response (68). Delivery
format is also relevant as consumption of free-form amino
acids (i.e., free-form EAAs) leads to an early appearance
and higher concentration of plasma amino acids compared
with intact protein sources (69) and can elicit a greater
anabolic stimulus compared with mixed meals requiring
digestion (70). Several studies have therefore manipulated the
quantity and quality of dietary protein, often through free-
form amino acid supplementation, in an effort to attenuate
muscle atrophy and the loss of function during a period
of experimental disuse (i.e., bed rest or immobilization in
healthy populations) (Table 1).

Protein or amino acid supplementation has been shown
to protect lean mass in several studies of disuse. Early work
by Paddon-Jones et al. (55) found that supplementing a
controlled diet with 16.5 g of EAAs plus 30 g of sucrose
3 times/d maintained leg lean mass and partially preserved
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strength in young adults subjected to 28 d of bed rest.
Leucine supplementation (4.4 g - meal ! - d ') similarly
attenuated declines in knee extensor peak torque, endurance,
and muscle quality (peak torque/kilogram of leg lean mass)
with 14 d of bed rest in middle-aged adults (6). Whole-
body lean mass was only preserved during the first week,
however, suggesting a limited time course for the protective
effect of leucine supplementation on lean mass during disuse
(6). Supplementing a diet providing 0.8 g - kg ! - d 7! of
protein with 3 g/d of the leucine metabolite B-hydroxyl-S-
methylbutyrate (HMB) also preserved whole-body lean mass
during 10 d of bed rest (56).

Additional literature has reported a muscle-preserving
effect of protein-based interventions without a correspond-
ing change in muscle function. Consuming ~66.8 g/d of a
proprietary amino acid-containing formulation in addition
to a diet providing 1.0 g - kg™' - d7!, for example,
attenuated muscle losses with 7 d of immobilization, while
declines in knee extensor strength remained unaffected by
the intervention (57). A trend for the partial protection
of leg lean mass (P = 0.08) with no change in strength
outcomes was also observed when high-quality whey protein
was incorporated into the diet of healthy older men and
women during 7 d of bed rest (58). In contrast, EAA
supplementation has also been shown to preserve muscle
function during disuse with no effect on lean mass losses.
Older adults consuming 15 g of EAAs 3 times daily during
10 d of bed rest lost similar amounts of total and leg lean mass
compared with the control group, while muscle function was
only preserved in those consuming the EAA supplement (5).
Protein intake was only at the current RDA of 0.8 g - kg™ ! -
d~! in the control group, however, which may be inadequate
in older populations (71). The benefit of the intervention may
therefore reflect adequate protein intake (1.4 g - kg™! - d™!)
rather than a protective effect of the EAA supplement (72).

Although protein or amino acid supplementation appears
to have some benefit during disuse, the protective effects of
these nutrients are not consistently observed under these
conditions. Daily supplementation of 20 g of whey protein
during 14 d of unilateral leg immobilization, for example,
did not attenuate disuse atrophy or protect isometric knee
extension strength, single-leg jump height, or peak power
production during an incremental cycling test (59). Sim-
ilarly, Dirks et al. (60) observed no benefit of twice-daily
consumption of a leucine-enriched whey protein supplement
on protecting lean mass or single-leg 1-RM strength during
5 d of a full-leg cast in older adults. Adding 2.5 g of leucine to
every meal during 7 d of immobilization in young adults also
had no effect on preserving muscle mass or function (61),
despite the previously reported benefit during 7 d of bed rest
(6). The loss of thigh muscle volume during 60 d of bed rest
was similar after 29 d in groups consuming 1.0 versus 1.6 g -
kg™ - d~! of protein (—17% =+ 1% in both groups), and was
greater after 60 d with higher protein intake (—24% =+ 2%)
versus the control (—21% =+ 1%) (62). While it is unclear
why the protein-based intervention resulted in greater losses
in muscle mass, factors including the duration of disuse,

detailed aspects of the diet prescription, compliance with
the diet intervention (i.e., energy intake), as well as the
endocrine milieu, may have contributed to this particular
outcome.

Studies manipulating the protein, EAA, or leucine content
of the diet during disuse have collectively demonstrated the
capacity of protein-based interventions to attenuate disuse
atrophy and/or preserve muscle function (5, 6, 55-58),
regardless of literature indicating no effect (59-62). However,
the heterogeneity of this work, small number of studies,
and conflicting results make it difficult to make definitive
conclusions or translate findings to patient populations.
English and colleagues (6), for example, found that muscle
mass and function outcomes were partially preserved during
disuse when supplementing the diet with leucine, while
Backx et al. (61) observed no advantage to a similar leucine-
based intervention. Although the benefit may be attributed
simply to the greater amount of leucine provided (13.2 vs.
7.5 g/d), interpreting results is confounded by differences
in the model (bed rest vs. immobilization), duration (14 vs.
7 d), age (middle-aged vs. young), and strength outcomes
measured (isokinetic dynamometry vs. 1-RM testing). Given
the proposed differences in mechanisms underlying short-
versus long-term disuse (50) and the greater susceptibility of
older adults to disuse-induced anabolic resistance (28), the
possibility exists that differences in age and duration of disuse
influenced the effectiveness of the leucine supplementation.
Future work should consider using multiple groups (i.e.,
young and old individuals, short and longer duration)
in testing specific protein-based interventions to better
establish optimal countermeasures for disuse in different
populations.

A poor understanding of what constitutes an optimal
protein-based intervention for mitigating the consequences
of disuse has contributed to the wide variety of protein- and
free amino acid-based supplementation protocols tested in
the current literature and may explain inconsistent results.
While one objective of these countermeasures is to overcome
disuse-induced anabolic resistance, no study to date has
determined if this can be done with greater amounts
of protein, EAAs, or leucine, or if there is a threshold
for maximally stimulating postprandial MPS with disuse
(30). Whether the different protein or free amino acid
interventions tested in the current literature had the capacity
to overcome disuse-induced anabolic resistance is therefore
unclear. Some insight comes from Wall et al. (24) who
showed that postprandial rates of MPS following ingestion
of 25 g of whey protein (10.9 g EAA, 2.7 g leucine) were cut
in half with 5 d of a full-leg cast in a population of young
males. These findings suggest that the ~21 g of leucine-
enriched whey protein (10.6 g EAA, 2.8 g leucine) consumed
daily by healthy older men immediately after breakfast and
before sleep during 5 d of immobilization in a separate study
(60) was likely insufficient to overcome anabolic resistance
in the absence of additional protein consumed at these time
points, especially given the greater disuse-induced anabolic
resistance observed in older versus younger adults (28). This
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may explain the comparable loss of quadriceps CSA and
1-RM strength observed in the protein supplement and con-
trol group. Whether increasing the amount or quality of the
supplement consumed during disuse would have provided
any benefit is unclear. Basic mechanistic studies must be
conducted to delineate what type of intervention, if any, best
mitigates the consequences of disuse on postprandial MPS.
Given the greater susceptibility of older adults to disuse-
induced anabolic resistance (28), future work must also
evaluate the capacity of potential protein-based interventions
to overcome impairments in postprandial anabolism during
disuse in different age groups (ie., young, middle-aged,
elderly adults).

A further understanding of mechanisms underlying the
loss of muscle mass and function with disuse is necessary
to determine an optimal protein-based countermeasure. As
discussed previously, the hypothesized early increase in
MPB or greater postprandial rates of MPB consequent to
disuse have not been documented. Whether an abundance
of exogenous amino acids from protein or amino acid
supplements would spare the breakdown of body proteins
in the fed and/or fasted state or if interventions should
target MPB is not clear. Exploring mechanisms underlying
the loss of muscle strength and quality with disuse may
facilitate a better understanding of how certain protein-based
interventions preserved muscle function outcomes during
disuse (5, 6, 55) while most did not (56-62). The possibility
exists that in studies showing a benefit of protein or free
amino acid supplementation (5, 6, 55), a stimulation of
protein turnover facilitated the removal and replacement of
aged or damaged proteins in what has been described as
“nonhypertrophic” remodeling (73). Whether this resulted
in better muscle quality and improved function of contractile
units that would explain the attenuated functional decline is
not known.

Translating protein-based countermeasures tested in
experimental models of disuse to patient populations may
be confounded by additional stressors experienced with
injury or illness. The release of neuroendocrine hormones
(i.e., cortisol) and an abundance of inflammatory cytokines
(i.e., IL-6, TNF-«) following injury or surgery can induce
rapid changes in muscle protein turnover (74-76) that may
potentiate the loss of muscle resulting from disuse. Intracel-
lular mechanisms underlying muscle atrophy during disuse
with concomitant changes in inflammatory and hormonal
profiles remain to be determined. Diminished protein and
energy intake due to periods of fasting, lack of appetite,
nausea, pain, and medications may also exacerbate the loss
of muscle mass and function during disuse conditions after
injury or surgery (77). Weijzen and colleagues (78) reported
energy consumption of only ~50% of estimated energy
requirements and protein intake of <0.6 g - kg~! - d7! in
older patients during a period of hospitalization (~6 d) after
THA or total knee arthroplasty (TKA). Interventions focused
on increasing energy consumption or maintaining habitual
protein intakes may be necessary to preserve muscle mass in
these populations.
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Muscle contraction as a countermeasure to muscle
disuse atrophy

While protein-based interventions appear to have some
capacity to protect skeletal muscle mass and function with
disuse, a more effective countermeasure appears to be muscle
contraction in the form of electrical stimulation or resistance
exercise. Muscle contraction is a potent stimulus for MPS,
even in disused muscle. Gibson et al. (79) were the first
to show that daily percutaneous electrical stimulation of
quadriceps muscle during 6 wk of immobilization for tibial
fracture was sufficient to maintain rates of postabsorptive
MPS in the immobilized limb. Exercising knee extensors to
volitional muscle failure every other day using a horizontal
leg-training device similarly attenuated the decline of fasted-
state MPS observed with 14 d of bed rest (80). Exercise
also sensitizes skeletal muscle to the anabolic effect of
protein ingestion (7), suggesting disuse-induced anabolic
resistance may similarly be attenuated with some form
of muscle contraction. The effect of exercise on rates of
MPS translates to the preservation of muscle mass during
disuse. Neuromuscular electrical stimulation (NMES) for
40 min twice a day preserved quadriceps CSA during 5 d of
1-legged knee immobilization (47). Thigh CSA and isometric
knee extensor strength were similarly preserved during 14 d
of immobilization by low-volume, high-intensity resistance
exercise (i.e., 80% 1-RM) (81). Taking 2000 steps/d did not
protect skeletal muscle mass or function during 7 d of bed
rest in older adults, however, suggesting there is a threshold
of activity that is beneficial (82).

Molecular mechanisms underlying the preservation of
muscle mass and/or function with resistance exercise or
electrical stimulation during disuse have not been fully
elucidated, as many studies implementing exercise interven-
tions during disuse do not evaluate changes in intracellular
signaling (81-84). Some insight comes from Dirks and
colleagues (47) who demonstrated that twice-daily sessions
of NMES during 5 d of 1-legged knee immobilization
attenuated expression of myostatin, a negative regulator
of muscle mass. Myostatin has been shown to negatively
regulate muscle growth in vivo (85), through stimulation
of MPB and inhibition of myogenesis (86, 87). NMES
also attenuated the early increase in MAFbx and MuRF1,
suggesting that electrical stimulation may mitigate muscle
losses during disuse by attenuating MPB (47).

Protein to support rehabilitation following MSI

Protecting muscle during disuse conditions using exercise or
electrical stimulation is not novel in clinical settings. This
is reflected in standard rehabilitation protocols that seek
to introduce exercise and activation of muscle as early as
possible after MSI. Given the physical constraints associated
with injuries themselves, resistance exercise at workloads
shown to increase MPS (80) or preserve muscle mass and
function during disuse (81) is generally not possible. Early
rehabilitation instead focuses on mobilization and activation
of muscle through body weight or light-load resistance
exercise often performed to fatigue. Surrogates for muscle



contraction (i.e., NMES) are also generally incorporated
into standard rehabilitation. Unloading and disuse of muscle
following MSI are therefore accompanied by periodic muscle
activation during rehabilitation, which must be considered
when translating and implementing findings from protein-
based interventions in experimental disuse conditions to
disuse following MSI.

Whether light-load resistance exercise or electrical stim-
ulation of muscle during rehabilitation has a stimulatory
effect on rates of MPS or improves sensitivity of muscle to
protein ingestion is not completely understood. Some insight
comes from Wall and colleagues (88), who showed that
1 h of high-frequency, high-intensity NMES in elderly men
increased postabsorptive MPS by ~27% compared with the
nonstimulated leg. The presleep application of NMES plus
ingestion of 40 g of protein after 1 d of bed rest also increased
overnight MPS, suggesting that NMES can potentiate the
anabolic response to protein intake in disuse conditions
(89). However, whether NMES at frequencies, durations,
or intensities specific to rehabilitation protocols used in
clinical practice (90) has a similar capacity to modulate MPS
remains to be determined. Future work should also explore
the postabsorptive and postprandial synthetic response fol-
lowing electrical stimulation during specific tasks or exercises
(i.e., functional electrical stimulation), as this is an additional
method used to overcome muscle weakness postinjury (91).

The anabolic potential of light-load resistance exercise
normally and with disuse is unclear. A single bout of low-
intensity resistance exercise (i.e., 16% 1-RM) comparable

to what would be performed during rehabilitation was
unable to increase rates of myofibrillar protein synthesis
in the fasted state or potentiate the synthetic response to
feeding (92). Twelve weeks of resistance training at this same
intensity led to a small (~3%) but significant hypertrophy
of muscle, however, indicating an anabolic potential for
this type of exercise (93). Follow-up analyses revealed that
prior light-load resistance exercise prolonged the elevation
in myofibrillar protein synthesis during 10 h of hyper-
aminoacidemia, suggesting there was an increased sensitivity
of muscle to protein feeding that allowed more amino acids
to be stored as contractile proteins (94). These findings
indicate that electrical stimulation of muscle and light-load
resistance exercise in early rehabilitation combined with
protein-centered diet interventions would have a synergistic
effect at increasing MPS, overcoming anabolic resistance, and
protecting muscle mass and function from disuse after injury.

While research translating this concept to practice by
implementing protein-based diet interventions during early
rehabilitation from MSI remains limited, available literature
suggests some benefit to free amino acid supplementation
in the pre- and postoperative period following orthopedic
surgery (Table 2). Consuming 20 g of EAAs twice a day for
7 d before and 6 wk after TKA, for example, attenuated the
loss of quadriceps muscle volume when compared with the
placebo group at 2 wk (—3.4% =+ 3.1% vs. —14.3% =+ 3.6%)
and 6 wk (—6.2% = 2.2% vs. —18.4% = 2.3%) postoperatively
(95). EAA supplementation also accelerated the return of
functional mobility (i.e., timed up-and-go, stair-climb up,

TABLE2 Muscle mass, strength, and function outcomes with protein-based interventions after orthopedic surgery’

Study Population Age, y Nutrition intervention Muscle mass Strength and function Effect
Dreyer et al. 2018 (96) TKA patients ~64 20 g EAAs twice daily 13.4% vs.8.5% |, No difference between Yes
between meals for 7 d quadriceps muscle groups in functional
preoperatively and 6wk volume in operated leg measures or strength
postoperatively 6 wk postoperatively,
control vs. intervention,
(P < 0.05)
Nishizaki et al. 2015 (98) TKA patients ~71 24 gHMB, 14 g L-arginine, No change in rectus | Maximal knee extension Yes
14 g L-glutamine twice femoris CSA from strength in control
daily for 5 d before and baseline at 42 d group at 2 wk
28 d after TKA postsurgery, both postsurgery, no change
groups with intervention
Dreyer et al, 2013 (95) TKA patients ~69 20 g EAAs twice daily 14.3% vs.3.4% | Intervention accelerated Yes
between meals for 7 d quadriceps muscle the return of functional
preoperatively and 6 wk  volume in operated leg mobility (i.e, timed
postoperatively 2 wk postoperatively, up-and-go, stair-climb
184% vs. 6.2% | 6 wk up, stair-climb down
postoperatively, control tests) at 6 wk
vs. intervention, (P
< 0.05)
Ferrando et al. 2013 (97) THA patients ~55 15 g EAAs 3 times/d for — 35% tquadriceps maximal Yes

8 wk postoperatively

voluntary contraction at
8 wk with intervention,
no change in control
group

TCSA, cross-sectional area; EAA, essential amino acid; HMB, B-hydroxy-8-methylbutyrate; THA, total hip arthroplasty; TKA, total knee arthroplasty. 4 indicates increase and

J indicates decrease.
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TABLE 3 Summary of future directions for protein-based countermeasures against muscle disuse atrophy’

o |dentify intracellular mechanisms mediating disuse-induced impairments in postabsorptive MPS (i.e,, mTOR-independent signaling)
e Perform more frequent muscle biopsies after feeding under disuse conditions to elucidate changes in intracellular signaling underlying anabolic

resistance

e Examine intracellular signaling underlying disuse atrophy with concomitant changes in inflammation and hormonal profiles similar to postinjury
conditions; assess MPB using stable isotope methodology during short-term disuse (<14 d)

e Execute basic mechanistic studies to determine optimal protein-based countermeasures for overcoming anabolic resistance

o Investigate efficacy of different protein or free amino acid interventions in multiple groups (i.e,, young vs. old, short vs. long duration, immobilization vs.

bed rest)

e Evaluate potentially protective combination of light-load resistance exercise (i.e., ~16% 1-RM) and protein or free amino acid supplementation during

disuse conditions

e Determine whether NMES at frequencies, durations, or intensities specific to rehabilitation protocols used in clinical practice modulates postabsorptive or

postprandial MPS during disuse

e Undertake translational research implementing findings from mechanistic studies to postinjury disuse conditions (i.e., after orthopedic surgery)

"MPB, muscle protein breakdown; MPS, muscle protein synthesis; mTOR, mammalian target of rapamycin; NMES, neuromuscular electrical stimulation; 1-RM, 1-repetition

maximum.

and stair-climb down tests) at 6 wk compared with the
placebo group (95). These findings must be interpreted
with caution, however, given the decrease in total amount
of dietary protein consumed in the placebo group during
the intervention. While protein intake was close to the
current RDA of 0.8 g - kg~! - d7! at baseline and 6 wk,
it fell to 0.63 & 0.09 g - kg™ - d™! in the placebo group
at 2 wk postsurgery (95). This may have exacerbated the
loss of muscle volume and function observed in these
individuals. A follow-up study of the same intervention
also observed a decrease in protein intake from baseline
to week 2; however, the reduction was similar in both
groups (96). Quadriceps muscle atrophy was also attenuated
at 6 wk in this study in the EAA versus placebo group
(—85% =+ 2.5% vs. —13.4% =+ 1.9%), while differences
between groups in functional measures or strength were no
longer observed (96). Ferrando et al. (97) also evaluated the
utility of EAA supplementation after orthopedic surgery by
randomly assigning THA patients to receive usual care (UC)
or to consume 15 g of EAAs 3 times/d for 8 wk after surgery.
Quadriceps maximal voluntary contraction was 35% greater
than preoperative values at 8 wk postsurgery in the EAA
group, while strength did not improve in those receiving
UC (97). Supplementation with 2.4 g of HMB, 14 g of
L-arginine, and 14 g of L-glutamine (HMB/Arg/GlIn) twice
daily for 5 d before and 28 d after TKA has also been shown
to benefit strength outcomes (98). Maximal quadriceps
strength declined from baseline at 2 wk postsurgery in
the control group, while the HMB/Arg/Gln intervention
preserved strength at this time point (98). In total, these
findings suggest that a protein-based diet intervention in the
postoperative period after orthopedic surgery may protect
muscle mass and/or function in the injured limb.

Conclusions

Muscle atrophy and weakness occurs rapidly after MSI
due to injury-related deficits in neuromuscular signaling as
well as protective measures implemented to avoid further
injury (i.e., immobilization, bed rest, inactivity). The loss of
muscle with disuse can be explained, in part, by declines
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in MPS (postabsorptive and postprandial) and a possible
early increase in MPB. Manipulating protein intake has
demonstrated some capacity to overcome these alterations in
protein turnover to preserve muscle mass and/or function
in experimental models of disuse. Some protein-based
interventions were ineffective, however, suggesting that
future work is necessary to clarify the inconsistent findings
(Table 3). Muscle contraction during postinjury physical
rehabilitation is also an important consideration when
applying protein-based interventions to periods of disuse
after MSI. Electrical stimulation and light-load resistance
exercise during early rehabilitation may act synergistically
with dietary protein to increase rates of MPS, overcome
anabolic resistance, and ultimately protect muscle mass and
function after injury. While the literature translating this
concept to practice is limited, protein-based interventions
do appear to benefit outcomes following orthopedic surgery.
Future work expanding on these findings by manipulating
protein intake following different types of injuries and in
different age groups is needed.
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